The effect of the novel foaming agent, calcium carbonate in comparison with the conventional titanium hydride on structure and energy absorbing ability of the aluminium based foams was studied. Mechanical testing Alporas foams of Al and wrought alloy Al-5.5Zn-3Mg-0.6Cu-0.5Mn (similar to alloy 7075) doped by small amount (<0:6 mass%) of Sc and Zr was undertaken under compression with static strain rate of 1:5 Á 10 À3 s À1 . The influence of Ca additive on the cell wall structure and deformation behaviour of two kinds of the foams was recognised. Significant advantages in mechanical performance of the aluminium foams processed with CaCO 3 were found and attributed to fine cellular structure and favourable microstructure of the cell wall material.
Introduction
Lightweight metallic foams have alluring potential for different sectors of industrial application due to the unique combination of low density and novel physical and mechanical properties. In particular, remarkable absorbing ability of aluminium foams offers significant performance gains for crash protection of vehicle and other applications where effective utilisation of impact energy is required. Despite of the several models [1] [2] [3] [4] [5] [6] based on the idealised cellular structure have been proposed, actual profile of the mechanical properties for real Al-foams is recognised to be far from that predicted theoretically. The reason of this discrepancy is a mesoscopic heterogeneity in density and other structural imperfections including cell morphology (thickness, curvature, length, etc.) of real foams. A significance of the composition and microstructure of a cell wall material is still largely ignored despite its known crucial role in performance of the corresponding bulk material. This problem becomes increasingly pronounced when foaming processes are performed with the gas-releasing agent and other additives that produce a foamed alloy, which differs greatly from the matrix alloy. Only a few attempts have been undertaken to highlight significance of the cell wall microstructure in mechanical response of metallic foams made with conventional titanium hydride. 7, 8) The investigations of the cell wall microstructure performed with calcium carbonate as promising alternative foaming agent 9) and its influence on mechanical behaviour of foams are few in number. 8) The present paper aims to illuminate the role of the key parameters of cells above in an energy management of Alporas foams processed with coated calcium carbonate (CaCO 3 ) comparatively to those of conventional titanium hydride (TiH 2 ).
Experimental

Materials and experimental procedure
Pure aluminium and wrought Al alloy Al-5.5Zn-3Mg-0.6Cu-0.5Mn (similar to alloy 7075) doped additionally by small amount (<0:6 mass%) of Sc and Zr, assigned here as ZAM alloy, were chosen as matrix materials. Foaming process was carried out following Alporas like rout 10) (Table 1 ) in which either titanium hydride, TiH 2 (1 mass%) with mean particle size of 60 mm or calcium carbonate, CaCO 3 (2 mass%) with a mean particle size of 8 mm were employed as the foaming agents (FA). To facilitate the dispersion of CaCO 3 powder over the melt it was coated with CaF 2 by the ion-exchange method.
9) Granular calcium (1 mass%) was introduced into Al melt in graphite crucible to enhance its viscosity although ZAM alloy was foamed either with admixing Ca or without it to illuminate its influence on the mechanical performance of the foams. Foaming temperature was held close to the melting point of matrix Al alloys (Table 1) . After cooling foamed blocks were sectioned by an electro-discharge machining.
2.2 Investigation of structure and mechanical testing of foamed samples The foams were characterised by their density, cell morphology and cell wall microstructure. The density was measured by weighing a sample of known volume and then relative density was defined by the ratio = s (where and s correspond to the density of foam and solid, respectively). Porosity content was derived from the relation ¼ 1 À = s . Cell morphology including cell size and shape was measured by using scanned images of more than 150 cells. Microstructure of the cell wall and cell face was analysed by X-ray diffraction (XRD) analysis by using CuKradiation as well as by optical microscopy and scanning electron microscopy (SEM) supplied with X-ray detectors (EDX and EPMA). Due to the difficulty in distinguishing the phase composition of the cell wall and that of the cell face XRD analysis was applied using a step procedure. The original foamed sections with hollow cells were first analysed. Then foam sections were impregnated with opaque epoxy resin allowing only the composition of the cell wall material to be analysed.
Deformation behaviour of Al alloy foams was examined under uniaxial compression tests under static strain rate of 1:5 Á 10 À3 s À1 performed on the prismatic specimens with a height to thickness ratio ranged from 1.5 to 3. Minimum dimension of the specimen was seven times larger than the cell size to avoid size effect. Figure 1 shows the typical cellular structure of ZAM foams processed with TiH 2 and CaCO 3 . Both foams have cells of spherical shape although mean cell size for CaCO 3 -foams (D % 1{1:5 mm) is found to be at least two times smaller than for TiH 2 -foams.
11)
Results and Discussion
Microstructure examination
The cell walls for both kinds of Al foams consist of coarse -Al dendrites (A) rounded by a network of the eutectic domains (B, C) as shown in Figs. 2(a), (b) . 8) SEM image and EDX element distribution map testify that the latter composes with Al+Al 4 Ca+Al 3 Ti (B) for TiH 2 -foam ( Fig. 2(a) ) but it consists of Al+Al 4 Ca (C) for CaCO 3 -foam ( Fig. 2(b) ). In addition, incorporated Al-Ca-Ti particles are found out in the cell wall material of TiH 2 -foam and the fraction volume of the brittle constituents becomes much grater compared to CaCO 3 -foam.
The main differences in structural features for two kinds of foams concern the cell face composition. As shown in Fig. 3 (a) the cell walls of ZAM alloy foamed with CaCO 3 are composed of eutectic domains (A) and randomly scattered secondary particles (B). The presence of copper, magnesium, and zinc in the domains was detected by EDX analysis. According to the evidences derived from phase diagrams 12) an interdendritic network of these domains compositionally correspond to mixture of -Al and T(AlCuMgZn) redundant phase (A) and randomly scattered secondary particles (B) correspond to Al 3 Sc 1Àx Zr x . This microstructure is basically the same as that typically obtained after slow cooling of parent ZAM alloy.
When TiH 2 is employed as the foaming agent, dissolved Ti is largely concentrated within the domains of T(AlCuMgZn) redundant phase, resulting in formation of Al 3 Ti intermetallic compound (C) (Fig. 3(b) ). Inhomogeneous distribution of dissolved Ti in the domains of T(AlCuMgZn) redundant phase causes the cell wall material to pronounced alloy segregation ( Fig. 3(b) ). The presence of brittle Al 3 Ti compound in redundant phase is expected to impair the cell wall ductility and toughness. Slight crack network propagated along the redundant phase is revealed in the cell wall material of TiH 2 -foam of ZAM-alloy even before loading, as shown in Figs without Ca additive ( Fig. 3(b) ). These particles are presumably formed due to an incomplete decomposition of TiH 2 foaming agent. This fact is expected because final temperature of the TiH 2 thermal decomposition is known to be too high.
When Ca was added to the melt prior foaming stage it was detected in the solid cell wall by EDX analysis. This element is accumulated over the domains of the parent redundant phase suggesting the presence of foreign Ca-based intermetallic compounds. According to elemental distribution the latter could be mainly associated with formation of Al 2 -CaZn 2 , Al 2 CaCu compounds, since they are the expected products when dissolved Ca reacts with the alloying elements, extracting them from an aluminium solid solution. This event leads to the significant deviation of the composition of the cell wall material from the one of the parent conventional alloy.
Unlike to hydride-foamed alloy, solid oxide skin is assumed to cover the surface of cell face of the carbonatefoamed ZAM alloy similar to that found out for foamed pure Al.
Mechanical performance of the foams 3.2.1 Compressive response of Al-foam
Compressive stress-strain curves typical for Al foams of comparable porosity processed with carbonate and hydride with addition of Ca are shown in Fig. 4 .
The shape of the curves is similar to that reported for elastic/plastic foams of closed-cell cellular structure. [1] [2] [3] All kinds of foams give initial linear elasticity regime before general yield (yield strength: y ). Beyond the yield foams exhibit relatively long and well-defined plateau regime, which is typically associated with cells collapse that is superimposed by densification of the cell wall material. The plateau continuous up to densification strain, " D , beyond which cellular structure commences to condense completely and the stress rises steeply.
3) As it is typical for closed-cell foams, the stress rises gradually with growing the strain up to the densification. That is why plateau stress of closed-cell foams is often estimated by the stress reached up to densification, pl . This is especially justified when damage tolerance of the foams is important.
However, comparison of the stress-strain curves shows some differences in compressive behaviour for different kinds of foams, implying the influence of the distinctive structural features of the cell wall material. As could be seen in Fig. 4 (a) the slope of the stress-strain curve before yield (shown by solid and dash tangential lines and triangles in the plot) for CaCO 3 -foam is much greater than that for TiH 2 -foam of the same porosity, implying greater elastic stiffness, S, for CaCO 3 -foam. This is primary because mean cell size of CaCO 3 -foam is smaller at least by factor 2 compared to that of TiH 2 -foam. According to the relation given in Ref. 13) this difference leads to the fact that the length for gas/metal boundary per unit area for CaCO 3 -foam increases roughly by twice, causing the elasticity stiffness to rise up. The second distinctive feature is attributed to the fact that slight oscillating the stress-strain curve under plateau regime (Fig. 4(b) ) is visible for TiH 2 -foam in contrast to almost smooth plateau stress exhibited by CaCO 3 -foam. Stress oscillations are typically interpreted as hardening/softening sequences caused by localised brittle failure of the cell walls. Despite of dominating ductile behaviour of the conventional Alporas TiH 2 -foam demonstrated in Refs. 7), 14), slight hardening/softening effects can be resulted from microscopic compacting the cell wall material by crushing the brittle Al-Ca-Ti eutectic domains, which is superimposed upon hardening the cell walls by plastic deformation. In addition, crushing the low ductile Al-Ca-Ti-rich particles can probably stimulate the hardening/softening effects. In contrast to that cell walls of CaCO 3 -foam show more ductile behaviour, suggesting higher toughness of Al+Ca eutectic domains in the cell walls than that of Al+Ca+Ti eutectic in which Al 3 Ti intermetallic compound is additionally presented besides Al 4 Ca compound. Indeed, direct measurements of the resistance to fracture of Al 3 Ti and Al 4 Ca intermetallic compounds should be fulfilled in advance to quantify the precise significance of difference in toughness for different kinds of eutectics.
Despite of yield strength is nearly the same for both kinds of foams, hardening rate (slope of the stress-strain curve up to densification) is higher for CaCO 3 -foam. This fact results in greater plateau stress, pl , for CaCO 3 -foam, although its densification strain, " D , is superior to that for TiH 2 -foam, as shown in Fig. 5 . It should be noted that exact determination of ''densification strain'' and ''plateau stress' ' have not yet been standartized, so these points are marked on the plots (Figs. 4, 7, 8 ) to clarify our approach in estimating these mechanical characteristics. In the present study the value of plateau strain was designated as a strain at which the slope of the plateau deviates from linearity that was described previously in details in Ref. 8 ). However, the differences among the compressive behaviour of the foams decrease with growing the porosity and they are expected to become negligible when porosity exceeds roughly 88% at which rupture of the cell wall occurs because its thickness is too small (<100 mm).
There is some uncertainty related to the role of the cell face architecture in influencing the mechanical behaviour of closed cell foams especially those processed with CaCO 3 foaming agent. This is because the solid oxide skin is formed on the surface of cell walls due to oxidising reaction between CO 2 and molten Al. It has been declared in Ref. 3 ) that in closed-cell foams the stress can rise up with increasing strain up to densification because the cell faces carry membrane (tensile) stresses. From this point of view the oxide skin over cell faces could presumably affect the membrane tensile stresses since coefficient of thermal expansion, k, for oxides is roughly by an order magnitude smaller than that for Al, i.e. Al 2 O 3 oxide possess k ¼ 7:
The question is whether the oxide skins is capable to influence the profile of mechanical properties of Al-foam when its thickness is much smaller than that of the cell wall? Figure 6 shows the data for energy absorbing ability for Al foams processed with CaCO 3 or TiH 2 FA over the wide range of porosity. Energy of absorption was estimated by the amount of the specific energy absorbed by the foam up to densification, A pl , and measured as the corresponding area under the stress-strain curve. It could be seen that CaCO 3 foaming agent offers significant performance gains in energy absorption ability of Al foams over wide region of porosity content. This is primarily because Alporas foam processed with CaCO 3 foaming agent absorbs more energy than conventional TiH 2 -foam of the same porosity, although the plateau stress for CaCO 3 -foam rises up not so much high, ensuring satisfactory damage tolerance to protected object. Remarkable improvement of energy management of Al foam is primary resulted from efficiency of the cell wall microstructure.
Compressive response of ZAM alloy foam
Figures 7 and 8 demonstrate typical compressive stressstrain curves for ZAM alloy foams processed with CaCO 3 or TiH 2 FA with Ca addition to the melt or without it, respectively. The shape of the curves is typical for that of Al alloy foams in which the cell wall material contains brittle constituents. 7, 15) All kinds of ZAM alloy foams above show rather similar elasticity stiffness and also inhomogeneous macroscopic deformation. Beyond the yield (yield stress) the foams display peak stress followed by a load softening to the plateau region at which cells collapse and condense. Moreover, the foams give significant stress oscillations superimposed upon gradual increasing stress level with increasing the strain. These deformation events indicate that brittle fracture of the cell wall contributes strongly to the geometrical collapse of the cells. Cracks being propagated initially along the domains of brittle redundant phase even before loading (Figs. 3(c) , (d)) result in failure throughout the rest of the cell walls.
Pronounced differences among deformation patterns for the foams are revealed under plateau regime. High peak stress at the onset of global collapse followed by strong load drop is exhibited by TiH 2 -foam processed without admixture of Ca (Fig. 8) , causing the plateau stress of saddle shape. Moreover, stress-strain curve for this kind of foam is fluctuated at the most, indicating the extensive brittle fracture of the cell walls. The presence of low ductile Ti-rich particle in the cell wall material is thought to result in relatively high stresses required for TiH 2 -foam of ZAM alloy to commence densification. In addition, these particles and also brittle Al 3 Ti intermetallic compounds accumulated over the domains of the interdendritic redundant phase (Fig. 3(b) ) cause the cell wall toughness to significant impairment. Application of CaCO 3 foaming agent gives remarkable improvement of deformation pattern. Figure 8 demonstrates that CaCO 3 -foam processed without Ca addition shows mostly smooth stress-curve, which keeps peak-to-peak amplitude of the oscillations to minimum level.
Admixture of Ca to the melt causes the stress level of deformation patterns for both kinds of ZAM alloy foams to decrease, although the shape of the stress-strain curves remains rather similar, as shown in Fig. 7 . Moreover, peak stress corresponding to the onset of the global collapse in TiH 2 -foam decreases significantly, resulting in smoothing saddle shape of the plateau stress. Extraction of the alloyed elements from the matrix alloy due to formation of Ca-based intermetallic compounds is thought to be the reason for decreasing the strength of cell wall material. However, the stress level of deformation pattern for TiH 2 -foam is lower than that for CaCO 3 -foam. It could be associated with impairing the toughness of the cell wall materials by brittle Al 3 Ti compound presented over the interdendritic network of the redundant phase and randomly scattered Ti-rich particles of low ductility the same as to that recognised in TiH 2 -foam of pure Al.
Hydride foam exhibits a significant scatter of the data for energy absorption up to densification, A pl , (Fig. 9) although it tends to be somewhat smaller with admixture of Ca (Fig. 10) . Inhomogeneous deformation at which the cells fail in brittle manner is expected to give instability of the final results. This is also stimulated by alloy segregation within the interdendritic domains of the brittle redundant phase being presented in the cell wall material. Scattering of the data for CaCO 3 -foams and especially for those processed with Ca additive is shown to be much smaller, implying better reproducibility of the results. Taking into account scattering of the data it could be seen in Figs. 9 and 10 that energy absorbing ability of CaCO 3 -foams tend to be nearly the same or somewhat smaller than that of TiH 2 -foams.
Generally, absorption energy of ZAM alloy foam (Figs. 9 and 10) is much superior to that exhibited by Al foam (Fig. 6 ) over a wide range of porosity. This is primarily because ZAM alloy foams give much higher yield strength and plateau stress than those of pure Al. Despite of this ZAM alloy foams demonstrate significant densification strain, " D , which is nearly the same to that exhibited by CaCO 3 -foam of pure Al, shown in Fig. 5 . Indeed, the difference among energy absorbing ability of ZAM alloy foam and Al foam decreases with growing porosity. However, energy absorption of ZAM alloy foam processed with Ca additive was found to remain roughly 60% higher than that of Al foam even when porosity content is as great as 94%. 15) As applied to the practical problem, energy absorbing characteristics of the CaCO 3 -foams is thought to be much attractive than those of TiH 2 -foams since they show decreas- 
Conclusions
Compared to the conventional titanium hydride (TiH 2 ), coated calcium carbonate (CaCO 3 ) offers significant advantages in mechanical performance of closed cell aluminium foams produced by Alporas like route due to finely cellular structure and remarkable improvement of the cell wall microstructure. Mean cell size for CaCO 3 -foams (D % 1{ 1:5 mm) is found to be at least two times smaller than for TiH 2 -foams over a range of porosity. Compared to CaCO 3 -foams cell wall ductility and toughness of TiH 2 foams are impaired by the presence of a high fraction volume of brittle constituents. In particular, the cell walls in CaCO 3 -foam of pure Al consist of Al dendrites rounded by a network of Al+Al 4 Ca eutectic domains whereas network of Al+ Al 4 Ca+Al 3 Ti eutectic domains and incorporated Al-Ca-Ti particles are formed in the cell walls of TiH 2 -foam, causing the fraction volume of the brittle constituents to rise up.
In ZAM alloy foam processed with TiH 2 brittle Al 3 Ti intermetallic compound formed additionally within interdendritic domains of the T(AlCuMgZn) redundant phase being emerged in a matrix of Al solid solution. This redundant phase becomes modified by Ca-based intermetallic compound due to admixture of Ca additive. Moreover, low ductile Ti-rich particles rounded by brittle Al 3 Ti layer are randomly distributed in the cell wall material of ZAM alloy. These particles are presumably formed due to an incomplete decomposition of TiH 2 foaming agent.
Following advantages in mechanical performance related primarily to energy absorption characteristics could be gained due to favourable microstructure of the cell walls in CaCO 3 -foams.
Finer cellular structure is expected to give the rise of the elastic stiffness of Al foam processed with CaCO 3 . Moreover, CaCO 3 -foam of pure Al shows more ductile compressive behaviour than that of TiH 2 -foam, suggesting higher toughness of the cell wall materials for CaCO 3 -foam than for TiH 2 -foam. Despite of yield strength, y , is nearly the same for both kinds of foams, hardening rate is higher for CaCO 3 -foam, resulting in greater plateau stress, pl , although its densification strain, " D , is superior to that for TiH 2 -foam. Because of this Al foam processed with CaCO 3 foaming agent absorbs more energy up to densification, A pl , than conventional TiH 2 -foam of the same porosity, although the plateau stress for CaCO 3 -foam rises up not so much high, ensuring damage tolerance to protected object.
Despite of both kinds of ZAM alloy foams behave in brittle manner their macroscopic deformation history is rather different. High fraction volume of brittle constituents in the cell walls causes highly inhomogeneous macroscopic deformation of ZAM alloy TiH 2 -foams, resulting in extensive brittle fracture of cells. In contrast to this CaCO 3 -foams keep hardening/softening effects that are resulted from damage of the cell walls to minimum level. Stresses, y and pl , required for densification of two kinds of ZAM alloy foams tend to decrease with Ca additive, although densification strain, " D , remains actually unchanged. Extraction of the alloying elements from matrix alloy due to formation of Ca-based intermetallic compounds is thought to be the reason for decreasing the strength of cell wall material. Generally, both kinds of ZAM alloy foams show nearly the same energy absorbing ability, although the scatter of data for CaCO 3 -foams and especially for those modified by Ca additive is shown to be much smaller, implying better reproducibility of the results.
